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gradient imposed on the MNP solution (with V = 3 mL) by 
(a) NdFeB3 and SmCo magnets; (b) NdFeB2 and NdFeB3 
magnet. 
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Figure 4.30 Separation kinetic profiles of low field gradient 
magnetophoresis for Experiments (a) B, (b) C, (c) D, (d) E, 
(e) F and (f) G. 
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Figure 4.31 ln
𝑐(𝑡)
𝑐𝑜
 versus 𝑡  graphs for separation kinetic profiles of 
Experiments (a) B, (b) C, (c) D, (d) E, (e) F and (f) G. 
160 
Figure 4.32 Comparison of τ  against V  graphs for magnetophoresis 
experiments performed under different conditions. (a)  30 
nm MNP solution (SMG-30) with NdFeB1 magnet with 
different values of a spacer in between magnet and MNP 
solution and without spacer (Experiments A, B and C), (b) 
SMG-30 with NdFeB1, NdFeB2 and NdFeB3 magnets 
(Experiments A, D, E) , (c) SMG-30 with NdFeB1 and 
SmCo magnets (Experiments A and F). 
163 
Figure 4.33 The plot of α against As
∂B
∂z
 for magnetophoresis of SMG-
30. The dotted line is the linear fitting line passing through 
the origin. The coefficient of determination R2 of this fitting 
line is given by 0.9837. All values for α are calculated from 
results presented in Figure 4.32. 
165 
Figure 4.34 The comparison of separation kinetic profiles for the 
magnetophoresis of 3 mL of 30 nm MNP solution (SMG-
30) by using NdFeB3 and SmCo magnets. The solid line was 
inserted to guide reader’s eyes. 
167 
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Figure 4.35 The comparison of separation kinetic profiles for the 
magnetophoresis of 3 mL of 30 nm MNP solution (SMG-
30) by using NdFeB2 and NdFeB3 magnets. The solid lines 
were inserted to guide reader’s eyes. 
169 
Figure 4.36 Comparison of τ  against V  graphs for magnetophoresis 
experiments performed with 20 nm MNP solution (SMG-
20) and 30 nm MNP solution (SMG-30) with NdFeB1 
magnet (Experiments A and G). 
170 
Figure 4.37 Time lapse photos for magnetophoresis of MNP solution 
(SMG-30) by employing NdFeB1 and NdFeB3 magnets. 
The dimension of the cuvette was 2 × 2 × 4 cm and 12 mL 
of 100 mg/L MNP solution was filled in the cuvette to 
undergo magnetophoresis. The thickness of the cuvette, and 
hence the displacement between the MNP collection plane 
and magnet pole, was 3.5 mm. The top view of the MNP 
solution undergoing magnetophoresis for both cases are also 
illustrated. 
171 
Figure 4.38 The plot of light (for the part of MNP solution in recorded 
images shown in Figure 4.37) intensity increment against 
time for the magnetophoresis employing NdFeB1 and 
NdFeB3 magnets with the experimental setup shown in 
Figure 4.37. 
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Figure 4.39 (a) Magnetic field gradient profile created by NdFeB1 
magnet on the MNP collection plane. (b) Magnetic field 
gradient profile created by NdFeB3 magnet on the MNP 
collection plane. The inset in (a) and (b) show surface plot 
of magnetic field gradient for collection plane which is 
located at displacement of 3.5 mm from the magnet pole. 
173 
Figure 4.40 The tabulation of lines Re = 1  (red), N∗ = 1  (green), 
Grm = 1 (blue) in ∇B-c plot. The reference particle in this 
calculation is the particle system employed in current study, 
which is magnetite nanoparticle coated in PEG (SMG-30) 
produced by Ocean NanoTech. The size and magnetization 
of this particle are given by 30 nm and 51.5 emu/g, 
respectively. 
184 
Figure 4.41 The division of ∇B - c  plot into four regions, where 
dynamical behavior of magnetophoresis is depicted by 
distinct mathematical models, by the lines of Re = 1, N∗ =
1 and Grm = 1. 
187 
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Figure 4.42 The tabulation of lines Re = 1 , N∗ = 1  and Grm = 1  on 
∇B - c  plot for particles with same magnetization (51.5 
emu/g) but different sizes: (a) 30 nm, (b) 33 nm and (c) 35 
nm. The black-frame square indicates the practicable region 
in which the range of particle concentration and magnetic 
field gradient are given by 10 – 10,000 mg/L and 1 – 1000 
T/m, respectively. 
193 
Figure 4.43 (a) All MNPs exist as individual MNP dispersed throughout 
the solution before the particle aggregation. (b) Once 
particle aggregation is initiated, portion individual MNPs 
clump together to form particle aggregates with different 
sizes. 
197 
Figure 4.44 Separation kinetic profiles for magnetophoresis of MNP 
solution (for concentrations of 5 mg/L, 10 mg/L, 20 mg/L, 
50 mg/L and 100 mg/L) predicted by non-interacting model 
(black dots) and interacting model (lines). The separation 
kinetic profile predicted by non-interacting model is 
consistent with the real time magnetophoresis experimental 
result for MNP solution with concentration ranging from 10 
to 100 mg/L. 
204 
Figure 4.45 Separation kinetic profiles for magnetophoresis of MNP 
solution (for concentrations of 1 mg/L, 10 mg/L, 100 mg/L, 
1000 mg/L and 10000 mg/L) predicted by non-interacting 
model (black dots) and interacting model (lines). 
205 
Figure 4.46 Size distribution of aggregate in MNP solution subjected to 
magnetophoresis at different concentrations. Here, the size 
of aggregates s is defined as number of individual particles 
reside in the aggregate. 
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Figure A1 Magnetic flux density profile along the axis of the 
cylindrical magnet. The solid line represents magnetic flux 
density calculated by COMSOL Multiphysics in three 
dimensional space. In contrast, the circular dots depict the 
magnetic flux density calculated by Equation (4.5). 
 
Figure A2 Magnetic flux density profile along straight lines parallel to 
the radial direction of the magnet on fixed elevation 
(constant z). Here, the straight lines span from y = -0.5 cm 
to y = 0.5 cm and have length of 1 cm (the width of the 
cuvette where MNP solution was filled). Due to geometry 
symmetry, the magnetic flux density profile along the y axis 
is identical to this image figure. 
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Figure A3 (a) The illustration for infinitesimal surface element on 
MNP collection plane for 0 < r ≤ R (see Figure 4.25 for the 
top view of MNP collection plane). (b) The illustration for 
infinitesimal surface element for R < r ≤ √2R . (c) The 
zoom in image for a quadrant in (b). This figure serves as an 
illustration to the derivation of Equation (A28).  
 
Figure A4 (a) Side view of the cuvette bottom wall. (b) Top view of the 
cuvette bottom wall. (c) Illustration of MNP collection plane 
(red bolded curve) in order to calculate average 
displacement of the given plane from magnet pole. 
 
Figure A5 The plot of fractional error against γ. The dotted line is the 
polynomial fit (degree of 3) into the calculated data, which 
gives 𝑅2 value of 0.9999. 
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LIST OF ABBREVIATIONS  
 
CFD Computational fluid dynamic 
DLS Dynamic light scattering  
FEM Finite element method 
HGMS High gradient magnetic separation 
HeLa Human ovarian cancer 
HIV Human immunodeficiency virus 
LGMS Low gradient magnetic separation 
MB Methylene Blue 
MNP Magnetic nanoparticle 
MP Magnetic particle 
MS Magnetic separation 
PDE Partial differential equation 
PEG Polyethylene glycol 
TEM Transmission electron microscopy 
UV-vis Ultraviolet-visible light 
VSM Vibrating sample magnetometer 
  
  
 
 
